S U M M A R Y This paper describes a method in which vertical resistivity sections are generated tomographically from measurements on a linear array of equally spaced electrodes inserted a t the ground surface. T h e array is multiplexed t o a resistivity meter which gathers one set of all possible independent apparent resistivity measurements and the geophysical section is then reconstructed by backprojecting these weighted data, along equipotentials, into t h e subsurface. T h e technique has been evaluated numerically a n d in field trials over shallow archaeological structures at Fountains Abbey.
INTRODUCTION
Electrical resistivity prospecting maps changes in ground resistivity in terms of the ratio between a measured surface potential and an applied current. Advances in instrumentation now permit rapid area survey and the technique has become an important component in archaeological resource assessment and excavation planning (Clark 1990; Scollar et al. 1990) .
Resistivity meters conventionally use four electrodes and an AC supply to avoid problems arising from contact resistance, polarization effects and earth currents. Their sensitivity to structures at varying depths depends upon the electrode geometry and archaeological experiments have been conducted with various configurations (Clark 1975) . Introduction of the twin-electrode method facilitated resistivity surveying of large areas and anomalies then also became easier to decipher in terms of archaeological structures (Aspinall & Lynam 1970) . Modern instruments and software now permit the processing and display of resistivity survey data on site (e.g. Kelly, Dale & Haigh 1984) .
Using the twin-electrode method, a conventional survey employs a fixed spacing for the roving current-potential electrode pair which is chosen to provide a compromise between lateral resolution and depth of investigation in a given study area. Unfortunately, this strategy hinders the archaeological interpretation of resistivity data from sites with variable soil thickness or complex stratification because the current distribution cannot be altered to obtain depth information. Although for geological purposes the techniques of vertical electrical sounding (using an expanding electrode array) and pseudosection generation (by traversing and expanding) are used routinely for structural mapping (Griffiths & King 1981) , they have not been fully evaluated for archaeological prospecting.
In this context, it is interesting to highlight relevant research in medical physics which has led to the imaging technique of Applied Potential Tomography, or APT (Brown 1986 ). Here, the distribution of electrical conductivity in an anatomical section is computed from voltages developed on an encircling array of 16 skin electrodes in response to currents passed between consecutive pairs of electrodes. The resistivity cross-section is then calculated by backprojecting the measured voltages along equipotential lines in a manner analogous to X-ray computed tomography (Brown & Seager 1987; Barber & Seager 1987; Webb 1988) . Laboratory simulation experiments by Powell, Barber & Freeston (1987) suggested that the principles underlying medical APT could be adapted to a linear array of surface electrodes for geological or archaeological surveying.
Further modelling studies and a preliminary field trial with a 16 electrode array at Verulamium produced results which supported this conjecture (Noel 1991) . The present paper describes a continuation of this study which involves further numerical simulation experiments and field trials at Fountains Abbey.
ELECTRICAL RESISTIVITY TOMOGRAPHY
A classical vertical pseudosection is produced from measurements of apparent resistivity when an array of four electrodes are expanded about successive mid-points along a transect. For such surveys, Wenner, Schlumberger or double-dipole configurations are generally used and the depth of measurement is usually calculated as a fraction of -maximum number of independent apparent resistivity W, -maximum number of Wenner configuration measurements measurements using four electrodes the interelectrode spacing. The production of deep sections can involve large numbers of measurements (see Table 1 ) but this practical difficulty has been overcome with the introduction of resistivity meters multiplexed t o linear arrays of electrodes (e.g. Griffiths, Turnbull & Olayinka 1990) .
With the advent of new instrumentation, it becomes interesting to explore the possibility of collecting a larger number of apparent resistivity values as the basis for a more. accurate inversion to the underlying structure. This derivation is explained graphically in Fig. 1 for the case of five electrodes. Table 1 Figure 2 lists a data set for an array of eight electrodes in which the spacing C-C and P-P has been fixed equal t o 1. Since this data set of 20 values is complete, potentials for other electrode configurations can be found by superposition, as demonstrated by the example shown in the diagram. By applying a similar argument. it follows that given N electrodes, a set of S, independent measurements can be configured in more than one way. A sequence of the type listed in Fig. 2 is referred to here as Data Set 1 (cf. Brown & Seager 1987) .
In the new prospection method, a resistivity meter is linked to a linear array of equally spaced electrodes via a multiplexer and a set of S, apparent resistivity values are recorded sequentially. The potentials, V , , measured at each step are then used to adjust only the resistivities of those Figure 2. Data Set 1 for N = 8. This set is configured with a constant P-P and C-C interelectrode spacing = 1 , assuming that the array has circular symmetry with electrodes 1 and 8 adjacent. ' is the current density which would be stimulated at the cell if P, rather than C, became the current electrode. Equation (5) can be restated as
where G is the sensitivity coefficient referred to above in equation (2). Hence, as a first approximation, G is proportional to the scalar product of the current densities which would flow through a cell if first C and then P were the current electrodes. More specifically where K is a geometric factor and jxp, jxc and jyp, jyc are the horizontal and vertical components of current respectively which would flow from electrodes P and C. For unit current, and . Y 2n
where x and L are defined in Fig. 4 . Hence G is found from equation (6) and the corresponding coefficient for a four-electrode measurement can be calculated by superposition. Computed values of G for all projections in the data set were stored in a second look-up table for use by the inversion. Fig. 5 graphs the distribution of the sensitivity coeficient for one of the electrode configurations within Data Set 1. It can be seen that the spatial distribution of maximum sensitivity values are similar to the corresponding equipotential 'lane', supporting the concept of the simple backprojection model outlined earlier in this paper. The method of weighted backprojection provides the basis for a fast single-step inversion which could be further improved by iteration using recalculated equipotentials (e.g. measurements of surface potentials will depend mainly on the size of the data set and the distribution of currents that are stimulated in the region of interest. Each data point in a classical pseudosection is sampled with a horizontal current vector (for a uniform region and a Wenner array). In a geological or archaeological field survey this will impose a bias towards resolving vertical, rather than horizontal resistivity boundaries. On the other hand, the ERT method provides a larger data set (Table 1) and generates a more isotropic distribution of currents through each of the cells that are being modelled by the process of backprojection (Fig. 3b) .
The ability of ERT to determine a resistivity structure has been evaluated by numerical simulations based on a 16 electrode array (S, = 104) with simple 2-and 3-D models.
These have included two horizontal layers, a vertical boundary and a thin wall or dyke. Standard analytical solutions exist for the appropriate surface potentials (e.g. Keller & Frischknecht 1966; Telford ef al. 1976 ). The tomographic inversions (Fig. 6) demonstrate that measurements with fixed electrodes can give a fair approximation to the resistivity section, particularly for features that are much shallower than the length of the array. Distortion and streaking towards the edges of the resistivity section are due to current anisotropy linked to cells in this region (Fig. 3b) .
Simple backprojection, however, remains attractive for its speed and stability and it therefore seems logical to explore an extension to the basic method (Fig. 7) . If resistivities are computed only in adjacent central columns as the array is moved forward by one electrode spacing, then current isotropy in the image will be maximized and positiondependent errors consequently reduced. Movement of the array along a traverse can be achieved simply by leapfrogging the rear electrode forward. This revised scheme has also been simulated numerically and the results (Fig. 8) demonstrate that the resistivity inversion is significantly improved. Method for producing a resistivity section beneath a traversing electrode array. Compare with Fig. 3(a) . Here backprojection is used to reconstruct resistivity values only in the column beneath the mid-point of the array where the current isotropy is a maximum (Fig. 3b) . As the array moves forward by a single electrode spacing, a complete section is formed from adjacent columns and artifacts in the image are thereby reduced.
It is worthwhile noting here that the backprojection method has assumed undisturbed current paths and equipotentials in a uniform region. However, in archaeological or geological contexts, current refraction will obviously occur at resistivity boundaries causing distortion and artifacts in the resulting section. These effects can be seen in the simulated E R T traverses of Fig. 8 and could probably be reduced by extending the method to encompass iterative backprojection along updated equipotentials, as outlined above. 
FIELD TRIALS
Electrical resistivity tomography was first used for imaging archaeological structures in a trial survey at Verulamium, St
Albans (Noel 1991) . Using a 16 electrode static array in Insula IV, the depth and positions of previously excavated Roman walls were correctly identified, although artifacts in ihe images masked further subsurface detail. The present field experiments were designed t o test the traversing ERT method across archaeological structures with simple, known geometry. The Cellarium at Fountains Abbey, (Ripon, North Yorkshire), was chosen as a suitable test site. This is a grassed, level area underlain by an unexcavated Mediaeval stone wall whose existence is known from a prominent crop mark (Fig. 9) . Two, parallel, 16.5 m long ERT traverses crossed the inferred Cellarium wall at No, along axes 2 m apart. The survey employed an array of 16 steel electrodes spaced at 75cm intervals and an Abem Terrameter SAS300 signal averaging resistivity meter with a sensitivity of 0.0005 9. The 104 readings of Data Set 1 were recorded at the start of each traverse and thus the first vertical column in the resistivity section could be computed as described above. The array was then advanced 75cm along the traverse by leapfrogging the rear electrode forward. After moving this single electrode, it was necessary to record only 26 new values of apparent resistivity in order to generate a fresh data set from the previous readings and thus compute the next adjacent column in the section. This is evident from Fig. 1 where it is seen that each electrode appears in the data set a total of N(N -3)/8 times. Surveying both traverses thus required 1300 measurements of apparent resistivity. Electrode connections were changed by hand. The two ERT sections are remarkably similar and both reveal three, rather than one, high-resistivity features, each with a scale of about 1 X 1 m (Fig. 10) . On closer inspection, these appear to be inserted into an upper layer of intermediate resistivity, about 1 m thick. The high resistivity features nearest the Cloisters are in positions consistent with the Cellarium wall, suggesting that the technique has succeeded in producing geophysical sections through this structure. The remaining anomalies may represent the remains of unknown walls or rubble filled ditches.
DISCUSSION
This preliminary study has shown that tomographic methods can be applied to resistivity measurements on a linear array of electrodes to produce geophysical sections through archaeological structures. However, further research will be needed in a number of areas before the method can be implemented as a routine survey tool. Problems to be addressed include the relationship between image quality, number of electrodes and their spacing error, together with the influence of surface topography and measurement noise.
The role of topography has been discussed with regard to a geological imaging system using borehole electrodes, by and .
A key factor is the need for a resistivity meter multiplexed to the electrode array, capable of gathering and storing the apparent resistivity values in the shortest possible time. This instrument will also require a very wide dynamic range. or 690: 1 for a 16 electrode array. Thus a dynamic range of almost 100 OOO: 1 would be required if the smallest potential is to be resolved to 1 per cent and the specification becomes yet more acute for larger arrays (Table 1 ). The problem of fast data aquisition has already been overcome in several medical AFT instruments and also in a prototype geological system with relay switching (Griffiths & Turnbull 1985) . A resistivity meter with solid state multiplexing, currently under development (Noel & Walker 1990) , will enable the possibilities of archaeological E R T to be explored in greater detail.
